AIm: Surgical approaches to Meckel's cave (MC) are often technically difficult and sometimes associated with postoperative morbidity. The relationship of surgical landmarks to relevant anatomy is important. Therefore, we attempted to delineate quantitatively their anatomy and the relationships between MC and surrounding structures.
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InTRoduCTIon
Meckel's cave (MC) is a space between two layers of the dura mater at the petrous apex. The trigeminal ganglion (TG), trigeminal cistern and postganglionic trigeminal rootlets are located within the MC (2-4, 9, 12, 13, 19) . Surgical approaches to MC are technically challenging and might be associated with morbidity (8, 21, 23) . MC has been well described radiologically (3-4, 13, 19) . Previous studies focused on surgical approaches to MC have reported the morphometric analysis of the petrous bone (1, 5-6, 10, 17-18, 21-23, 25, 26) . However, detailed information regarding useful landmarks for approaches to MC is lacking in the literature. This study would be a useful adjunct to the existing literature. As the relationship of surgical landmarks to relevant anatomy is important, the present study attempted to quantitatively delineate their anatomy and the relationship with surrounding neurovascular structures in the middle and posterior fossae.
MATeRIAl and MeThodS
Fifteen cadaveric heads (25 to 81 years of age at death) were fixed in 10% formaldehyde and were used to take measurements. This part of the study was performed at the Department of Anatomy, Ankara University, Turkey. Additional 4 heads (8 sides) were used to depict regional anatomy and cerebrovascular relationships. This part of the study was performed at the Department of Neurological Surgery, University of Wisconsin, Madison, USA. Measurements were not taken in these dissections and the vasculature was depicted. These cadaveric heads were injected with colored silicone (red for arteries, blue for veins) to demonstrate the vascular anatomy.
For the part of the study where measurements were taken, the calvaria were opened and the cerebral hemispheres were removed. The brain stem was transected at the level of the quadrigeminal plate in order to preserve relationships of cranial nerves adjacent to the TG. The morphometric relationship between MC and identifiable surface landmarks was determined. The meningeal layer of dura mater forming MC was incised and a triangular structure was revealed. The TG was dissected to reveal its relationship to the subarachnoid space. Relationships between MC, the TG and neurovascular structures were observed and measurements were taken. Extradural dissection to access MC in the middle fossa was then performed from lateral to medial. To demonstrate bony landmarks, the dura mater was peeled away while preserving MC. The medial limit of dural elevation was MC and the lateral limit was the end of the petrous ridge and inner surface of the posterior root of the zygoma. The defined landmark was the middle meningeal artery (MMA) as it emerges from the foramen spinosum (FS). The MMA was divided at the FS. The next landmarks used were the arcuate eminence, the facial nerve hiatus, the greater superior petrosal nerve (GSPN), the horizontal part of the petrous internal carotid artery (ICA), and the foramen ovale (FO). The lateral wall of MC was exposed extradurally. After the middle fossa was investigated, the brain stem was removed. The landmarks on the posterior aspect of the petrous bone were identified. The transverse and sigmoid sinuses (SS) were unroofed using a high-speed drill. The dura covering the posterior surface of the petrous bone anterior to the SS was separated from the posterior pyramid, exposing the internal acoustic meatus (IAM). The SS, the trigeminal porus (TP) and the inferior petrosal sinus were preserved. Anatomic relations with respect to posterolateral approaches to MC were noted and measurements were taken. To examine the trigeminal impression (TI), each division of the TG was transected and the TG was removed. All measurements were performed bilaterally using a digital caliper (0.01 mm of precision). The data between right and left sides were analyzed statistically. Statistical analysis was performed using the Student-T test with significance set at p<0.05.
Measurements were taken as follows: The length of the TG (A), the thickness of the TG (B), the width of the TG (C), the length of the TI (D), the width of the TI (E), the medial surface of the posterior root of the zygoma to MC distance (F), the lateral end of the petrous ridge to MC distance (G), the arcuate eminence at the petrous ridge to MC distance (H), the facial nerve hiatus to MC distance (I), the FS to MC distance (J), the FO to TG distance (K), FO to the TI (L), the TG to abducens nerve distance (M), the TG to trochlear nerve distance (N), the TG to oculomotor nerve distance (O) , the posterior limit of the SS to the inferolateral edge of the TP distance (P), the anterior limit of the SS to the inferolateral edge of the TP distance (R), the middle point of the anterior lip of the IAM to the inferolateral edge of the TP distance (S), and the inferior petrosal sinus to the lower edge of the TP distance (T) (Figure 1 ).
ReSulTS
MC was observed as the space between the meningeal layer and the periosteal layer of dura which appeared to be tightly attached to the petrous apex. TG, postganglionic trigeminal roots and subarachnoid cistern were identified within the MC ( Figure 2 ). The width of oval-shaped MC corresponded to the mediolateral diameter of the TG and its length corresponded to the distance from the anterior edge of the TG to the TP. At its superior limit, MC was in close proximity to the cavernous sinus. It almost reached the floor of the middle cranial fossa inferiorly.
The mean mediolateral length, thickness and width of the TG was 16.1, 2.52 and 3.78 mm, respectively. The TG itself, except for a small portion, was anterior to the TI. The length and diameter of the oval-shaped TI was 10.5 and 7.64 mm, respectively. The dimensions of the TG were greater than that of the TI. The relationship of the TG to the dura was complex. Meningeal investment of the anterior surface of the TG was strictly adherent to the surface of the TG; whereas it was only adherent on the anterior third on the posterior surface. This space was related to the infratentorial basal cisterns through the trigeminal porus ( Figure 2 ). Delineation of the arachnoid was difficult with gross dissection. A cleavage plane was apparent between the postganglionic trigeminal rootlets.
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The mean distance between MC and the medial surface of the posterior root of the zygomatic arch was 26.5 mm and the mean distance between MC and the lateral end of the petrous ridge was 38.4 mm. The arcuate eminence was seen just lateral to the TI on the petrous ridge and average distance from the arcuate eminence to MC was 16.6 mm. Elevation of the middle fossa dura was limited medially due to adherence to the V3 branch of the trigeminal nerve and the cavernous sinus. During extradural subtemporal retraction, the MMA and the V3 were identified before exiting the skull base through their respective foramina. The skeletonization of the FS and FO allowed visualization of the lateral wall of MC after releasing the dura and retracting the V3 medially. The FS was exposed lateral to MC and was found to be 7.46 mm distance from MC. The FO was found to be always just anterior to MC (the anterior edge of the TG corresponded to the anterior edge of MC) and was positioned 5.81 mm from the TG, while TI was 7.08 mm posterior from the FO. The GSPN was found to be posterolateral to MC. It ran medially from the facial nerve hiatus under the dura in its groove and anteriorly behind the V3. The facial nerve hiatus was found on to be 12.8 mm posterolateral to MC. The horizontal segment of the petrous ICA was always found to be in close proximity to MC just inferior to it. After separating the TG from attached dura, the ICA was extradurally exposed and was mobilized intradurally by sectioning the TG along the junction of the V2 and V3 divisions. The posterolateral part of the cavernous sinus was covered by MC. The TG was separated anteromedially from the ICA by the periostal dura of MC ( Figure 3 ).
The ocular nerves were all in close proximity to MC (Figures 4, 5) . After leaving the petrous apex, the abducens nerve coursed inferiorly along the lateral wall of the ICA to enter the posteroinferior aspect of the cavernous sinus; at this point, the abducens nerve was in close proximity to the medial aspect of the TG. The mean distance between the TG and the abducens nerve was found to be 1.87 mm. The oculomotor and trochlear nerves were found to be always superior to the TG. The mean distances from the TG were 5.53 and 6.57 mm, respectively. The closest cranial nerve to the TG was the abducens nerve and the farthest was the oculomotor nerve. On the posterior surface of the petrous bone, the mean distance between the posterior edge of the SS and the inferolateral edge of the TP was 43.6 mm and the TP was on 
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Tumors arising from MC represent less than 0.5% of all intracranial tumors (3). Trigeminal neuromas and meningiomas are most common in this area (8, 15, 16, 21, 23) . Access to MC might be challenging due to presence of surrounding important neurovascular structures. There are 3 primary surgical corridors to access MC: anterolateral, lateral, and posterolateral. Approaches through these corridors are frontotemporal extradural or intradural, orbitozygomatic, subtemporal anterior petrosal, presigmoid posterior petrosal and suboccipital craniotomies (6, 21, 23) . The choice of approach depends on location and type of pathology, anatomical relationships, familiarity and experience of the surgeon with the approach.
Prior to accessing MC, defining adjacent structures is of great importance. When the subtemporal approach is used to access MC, the posterior root of the zygomatic arch and outer aspect of the temporal bone are first identified. We found that the distance between MC and the zygomatic arch was 26.5 mm. For transtemporal approaches such as infralabyrinthine, translabyrinthine and infracochlear approaches (7, 10) , the mean distance between MC and the lateral end of the petrous ridge was 38.4 mm. The arcuate eminence can serve as an anatomic landmark when anterior petrosectomy approach is used (6, 18) . In a study by Day et al. (6) , the distance between the arcuate eminence and the TP was 22.2 mm. In our study, the average distance to MC was 16.6 mm. Using an anterolateral or lateral approach extradurally, the FS and the MMA, which is one of the first deep structures observed, and the FO with the V3 were most important landmarks for identification of MC. The V3 is identified just below the lateral margin of MC. Accordind to our findings; MC is best identified medial to the FS and just posterior to the FO. Division of MMA and finding FO would allow visualization of the lateral wall of the MC. Samii et al. (21) reported that the FS was found to be 15 mm anterolateral to the TG. However, we found that there average, 33.1 mm from the anterior wall of the SS. Also, the inferolateral edge of the TP was on average 7.19 mm from the anterior lip of the IAM. The mean distance between the inferior petrosal sinus and the TP was 12.4 mm. Statistically significant differences between the sides were observed for measurements B,C,D,F,G,H,K,M,N,P,R,S,T (p<0.05) ( Figure 6 , Table I ). the geniculate ganglion was identified as a landmark defining the lateral extent of the internal acoustic canal (6). In our study, the facial nerve hiatus is found at to be 12.8 mm lateral to the MC. The relationship of the GSPN with the TG should be well understood. When dura from the anterior surface of the petrous bone is dissected, the GSPN and the geniculate ganglion are at risk for damage (21) . Although the GSPN can be sectioned to avoid avulsion injury to the geniculate ganglion (6) , preservation of the GSPN should be attempted in order to avoid postoperative "dry eye" from impaired lacrimation. By careful drilling anteriorly, the tip of the petrous apex can be removed and the undersurface of MC can be skeletonized. Attention is then directed to the horizontal segment of the petrous ICA. In previous studies (17) and in our study, MC was found to be just above the ICA and there was a periostal layer of MC or quite thin bony lamina between the TG and ICA. In our dissections, adult skull morphometry showed significant degrees of variability and there was a dehiscent ICA in approximately 30% of specimens. This variation should be kept in mind. The motor root of the trigeminal nerve should be identified early. According to our study, the GSPN along the lateral limit of the horizontal segment of the petrous ICA are important landmarks for identification of the vessel in this region. Tumors extending into the posterior and middle cranial fossae through the porus trigeminus can be removed was a distance of at least 6.01 mm (mean, 7.46 mm) from the FS to MC. Henderson et al. (11) noted that the distance between the TG and the FO ranged from 0 to 10 mm. In the present study, we found that the distance varied from 4.98 to 6.01 mm. The anterior edge of MC, which approximately corresponds to the anterior limit of the TG, had a mean of 5.81 mm posterior to the edge of the FO. Henderson et al. (11) reported that the anterior edge of the TG was 3-4 mm anterior to the posterior lip of the FO in 8% and was 3-4 mm posterior to the foramen ovale in 7% of specimens. Chui et al. (3) reported that the anterior limit of the TG was seen 0-4.5 mm behind the FO on computer tomography scans of the heads. In our study, the TG was posterior to the posterior lip of the FO in all specimens. The relationship of the FO to the TG should be kept in mind during percutaneous fine needle aspiration biopsy or injection into the TG in view of these measurements. In the current study, the FO was 7.08 mm anterior to the TI which was occupied by the posterior root except for a small segment of the TG.
The anterior transpetrosal approach described by Kawase (6, 18, 22) is used for mass lesions extending from MC to the posterior fossa. The GSPN is an important landmark during anterior petrosectomy (6) . It is situated posterolateral to MC and courses medially from the facial nerve hiatus under the dura. By dissecting the GSPN lateral to the facial nerve hiatus, via the cerebellopontine angle (6, 18, 21, 23, 24) . Anterior or posterior transpetrosal approaches are limited by the anterior wall of the IAM, the lower edge of the trigeminal nerve at the porus trigeminus, the inferior petrosal sinus, the petrous part of the ICA, the arcuate eminence and the basal turn of the cochlea (6, 18, (20) (21) 23) . Transpetrosal approaches provide a corridor between the ICA, the inferior petrosal sinus, and the trigeminal and facial nerves. When the posterolateral approach (retrosigmoid-suprameatal approach) is used to access MC (24), the first structure observed was the SS. The mean distance between the posterior wall of the SS and the TP was 43.6 mm and a mean of 33.1 mm from the anterior wall of the SS to the TP. Extreme care should be exercised when drilling the bone anterior to the IAM to avoid damaging the cochlea (1). It is not necessary to remove bone posterior to the IAM when performing posterior petrosectomy (20) . Samii et al. (21) stated that, the mean distance between the IAM and MC was 6 mm from the posterior view thorough the cerebellopontine angle. Day et al. reported that IAM was 9.1 from the TP (5, 6). In our study, the TP was found to be 7.19 mm distant from the anterior wall of the IAM. The height of the inferior petrosal sinus, which is the inferior limit of exposure (the porus trigeminus distance) via a window created through posterior petrosectomy was 12.4 mm. The superior petrosal vein should be preserved in order to prevent severe postoperative edema of the cerebellum and brain stem (8, (14) (15) 23) .
Previous studies reported (11) that the length and thickness of the TG ranges from 15-25 mm and 4-5 mm, respectively. Our findings differed from these; the measurements of TG varied from 14.8-17.6 mm and 2.16-2.87 mm, respectively. This difference may be due to highly variable sizes of the TG as described by Chui et al. (3) . Reliable anatomical landmarks are necessary for approaches to MC; however, there is variability in the morphometry of the skull base and surface morphometry of the petrous bone between right and left sides (Table 1) . Such differences are accordance with the observations of Day et al. (5, 6 ).
Burr and Robinson (2) found that there was a well-defined subarachnoid space persisting with basal cisterns of the posterior fossa in the posterior aspect of the TG. Injection of any toxic substance into the TG may enter the subarachnoid space and result in neurological deficits (2) . We identified cleavage planes between postganglionic trigeminal nerve rootlets. The fibers of the first division were dorsomedial, the second division fibers had an intermediate position and the third division fibers were ventrolateral. This relationship of rootlets should be kept in mind for selective rhizotomy of the trigeminal nerve.
ConCluSIonS
Identification of surgical landmarks and awareness of their variations play an important role in approaching to MC. Measurements provided in the present study may serve in planning and choosing appropriate approaches to the MC.
